Proteins and peptides have been demonstrated to penetrate across the plasma membrane of eukaryotic cells by protein transduction domains. We show that protein transduction by 11 arginine (11R) is an efficient method of delivering proteins into the neurons of brain slices. Here, we demonstrate that PKA inhibitory peptide, fused with 11R and nuclear localization signal, delivers the peptide exclusively into the nuclear compartment of neurons in brain slices. This inhibitory peptide blocked both cAMP responsive element-binding protein phosphorylation and long-lasting long-term potentiation (LTP) induction, but not early LTP. These results highlight transduction of proteins and peptides into specific neuronal subcellular compartments in brain slices as a powerful tool for studying neuronal plasticity.
Proteins and peptides have been demonstrated to penetrate across the plasma membrane of eukaryotic cells by protein transduction domains. We show that protein transduction by 11 arginine (11R) is an efficient method of delivering proteins into the neurons of brain slices. Here, we demonstrate that PKA inhibitory peptide, fused with 11R and nuclear localization signal, delivers the peptide exclusively into the nuclear compartment of neurons in brain slices. This inhibitory peptide blocked both cAMP responsive element-binding protein phosphorylation and long-lasting long-term potentiation (LTP) induction, but not early LTP. These results highlight transduction of proteins and peptides into specific neuronal subcellular compartments in brain slices as a powerful tool for studying neuronal plasticity.
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A number of studies on the specific signal transduction pathways underlying the neuronal plasticity and electrophysiology of neurons, such as long-term potentiation (LTP) and long-term depression (LTD), have been performed using acute brain slices (Bliss and Collingridge, 1993; Bourne and Nicoll, 1993; Bear and Malenka, 1994; Steven and Sullivan, 1998) . Because of its low efficiency, the expression of proteins by DNA transfection or viral infection is limited in acute brain slices. Therefore, a method of delivering physiologically active proteins and peptides directly into neurons and controlling subcellular localization of these substances within the neurons of brain slices would be advantageous in many experiments. Recently, a human immunodeficiency virus TAT protein transduction system has been shown to transduce biologically active proteins into cells (Nagahara et al., 1998) . The TAT protein transduction system is capable of targeting all cell types and delivers the proteins in rapid and concentration-dependent fashion (Schwarze et al., 1999) . Such rapid transduction is especially useful in studying neuronal tissues such as brain slices, which deteriorate quickly. However, the critical disadvantage of this method is its low transduction efficiency. Here, we show that protein transduction by means of the 11 arginines protein transduction domain (11R) is highly efficient in delivering proteins into the neurons of brain slices. Fusion of PKA inhibitory peptide (Kemp et al., 1988) with 11R and nuclear localization signal (NLS) results in the delivery of the peptide exclusively into the nuclear compartment of neurons in brain slices. This inhibitory peptide blocked both cAMP responsive element-binding protein (CREB) phosphorylation and longlasting (L)-LTP induction. This technology introduces new opportunities to study the signal transduction systems that underlie neuronal plasticity.
MATERIALS AND METHODS

Construction of protein transduction domain-enhanced green fluorescence protein vectors. The following oligonucleotides (Amersham Pharmacia
Biotech, Arlington Heights, IL) were synthesized. Oligo 11R-EGFP-S, 9R-EGFP-S, and 7R-EGFP-S correspond to the complements of the coding strand of enhanced green fluorescence protein (EGFP) and introduced 11, 9, and 7 arginines coding sequence and BamHI sites. Oligo EGFP-AS corresponds to the complements of the coding strand and introduced EcoRI site. Each mutant was amplified by PCR using the respective primers together with the oligonucleotides from 10 ng EGFP cDNA (C lontech, C ambridge, UK) and the fragments subcloned into the BamHI and EcoRI sites of pET21a (ϩ) (Novagen, Madison, W I) using a Ligation kit (TaKaRa, Tokyo, Japan), according to the manufacturer's instructions.
E xpression and purification of recombinant proteins. BL21 (DE3) cells containing each expression plasmid were grown at 37°C to an OD600 of 0.8. Isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 0.1 mM, and each culture was incubated for 12 hr at 24°C. C ells were harvested and resuspended in 100 ml of lysis buffer containing 20 mM H EPES, pH8.0, 100 mM NaC l, 8 M urea, and 20 mM imidazol. Subsequently, the cells were sonicated, and the supernatants were recovered and applied to a column of Ni-N TA agarose (Invitrogen, San Diego, CA).
Synthesis of peptides. Peptides were synthesized by the Sigma Genosis Japan. The peptides were purified by preparative reversed-phase HPLC, were Ͼ99.8% pure as analyzed by HPLC, and had the expected amino acid composition and mass spectra.
Protein k inase assays. PK A was obtained from C albiochem (LaJolla, CA). Protein kinase assays were performed by previously described methods (Matsushita and Nairn, 1998) . The assay mixture was placed on ice in a 1.5 ml Eppendorf tube that contained 3 l of 10ϫ kinase buffer [500 mM H EPES, pH 7.5, 100 mM MgC l 2 ], 3 l of 1 mM synapsin I site 1 peptide, and each concentration of PK I peptides. Total reaction volume was 30 l. Assay mixtures were preincubated for 30 min, then started by adding 3 l of ATP mixture to make a total of 2.5 mC i of [␥- 32 P]ATP per tube and 50 M ATP and allowed to progress in a 30°C water bath for 6 min. Reactions were stopped by adding 30 l of cold 30% acetic acid, and 50 l of each reaction mixture was applied to P81 Whatman phosphocellulose paper (2 ϫ 2 cm). The paper was washed four times with 250 ml of 75 mM phosphoric acid for 10 min each time. Then, the paper was air-dried, and the radioactivity was counted (C erenkov counting). (Yan et al., 2000) . Briefly, hippocampal neurons were dissected from 18 d rat embryos (Japan SLC Inc., Shizuoka, Japan). The neurons were plated on coverslips coated with laminin -poly-D-lysine and maintained in serum-free Neurobasal medium (Life Technologies) with B27 supplements (Life Technologies). One micromolar protein transduction domain (P TD) proteins and peptides were incubated for 30 min, and then the medium was changed and incubated for an additional 30 min to promote nuclear transport of the peptide. Subsequently, cells were fixed with 4% paraformaldehyde. FI TC signals in neurons were examined using a Z eiss confocal microscope. For immunostaining, fixed neurons were stained by EGFP antibody (1:500; C lontech), GFAP antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), and M AP-2 antibody (1:5000; Sigma, St. L ouis, MO). Protein transduction in hippocampal slices. Hippocampal slices from 7-week-old Wistar rats were prepared as described previously (L u et al., 1999a,b) . Transversal slices (400 m thick) were incubated with 1 M protein in artificial C SF (AC SF) saturated with 95% O 2 and 5% C O 2 for 30 min at 30°C. Then, AC SF was changed to fresh AC SF without peptides and incubated an additional 30 min to promote the nuclear transport of the peptides. After washing with PBS three times, hippocampal slices were fixed with 4% paraformaldehyde. For M AP-2 staining, fixed slices were incubated with M AP-2 antibodies (1:5000; Sigma), synapsin antibody (1:200; Santa Cruz), EGFP antibody (1:500; C lontech), and GFAP antibody (1:200; Santa Cruz) for 24 hr. After primary antibodies were washed off, rhodamine-conjugated secondary antibodies (1:500; Chemicon, Temecula, CA) were incubated for 6 hr. Fluorescent images were examined using a Z eiss confocal microscope.
Anal ysis of phosphor ylation in brain slices. Preparation of hippocampal slices and incubation with each peptide were performed as described. U0126 (10 M; C albiochem) was incubated with hippocampal slices for 30 min. Forskolin (10 M; C albiochem) and 100 M glutamate were added 30 min after replacement with fresh ACSF and incubated for 10 min. The reactions were stopped by adding boiled 0.1% SDS into the slices. Using SDS-PAGE, 10 g of protein were separated, and the gels were transferred to nitrocellulose filters and reacted with anti-phospho-CREB (S133) (New England Biolabs, Beverly, MA), anti-phospho-GluR1 (S845) (Upstate Biotechnology, Lake Placid, NY), and phospho-p44/42MAP kinase antibody (Thr202/Tyr204) (New England Biolabs).
Fluorescence measurement. To determine the fluorescence intensity of FI TC -N L S-11R-PK I and N L S-11R-EGFP molecules in AC SF, pH 7.4, in cell free system, we used Aquacosmos Imaging System (Hamamatsu Photonics, Shizouka, Japan). The standard curve was determined from the intensity between FI TC -N L S-11R-PK I and N L S-11R-EGFP excited at 488 nm; the intensity showed a reasonable linear profile from 100 nM to 5 M. On the basis of our observation, the fluorescence intensity of FI TC -N L S-11R-PK I is 1.4-fold brighter than N L S-11R-EGFP in AC SF at room temperature. To compare the nucleus concentration of FI TC -NLS-11R-PK I and N L S-11R-EGFP in slices, we used the digital images of brain slices acquired by a Z eiss confocal microscope. Analysis of signal intensity in each 50 nucleus of slices was performed using N IH imaging software. Then, the relative intensity of EGFP and FI TC in slices was calculated from the value obtained from cell-free analysis. We assumed that the FI TC and EGFP signals in slices would have the same fluorescence intensity ratio with cell-free measurement, because we measured the slices in the same pH and temperature with cell-free system.
Recording of field EPSP. The hippocampal slices were prepared from male C57BL6 mice aged 7-8 weeks. The slices (400 m thick) were incubated in an interface recording chamber maintained at 28.5 Ϯ 0.5°C for at least 1.5 hr before recording and were constantly submerged with gas-saturated AC SF at 1.5 ml /min. The composition of the AC SF was as follows (in mM): NaC l, 124; KC l, 4.4; C aC l 2 , 2.5; MgSO 4 , 1.3; NaH 2 PO 4 , 1; NaHC O 3 , 26; and glucose, 10. The intensity of the stimulation was adjusted to produce an EPSP with a slope that was ϳ50% of maximum. Test stimulation was delivered once per minute (0.017 Hz). For inducing LTP, either single or multiple trains of stimulation at 100 Hz for 1 sec were delivered at the same intensity as the test stimulation. The hippocampal slices were incubated with each peptide for 45 min after stabilization of basal EPSPs. Then the slices were stimulated at 30 min after perf usion of AC SF without peptide. Data are shown as mean (ϮSEM) percentage of baseline EPSP slope. Statistical significance was evaluated by one-way ANOVA followed by Student's t test. The slice preparation for field recording has been described in detail previously (L u et al., 1999a,b) . Cos-7 cells cultured on glass coverslips were incubated with 1 M EGFP, TAT-EGFP, 11R-EGFP, 9R-EGFP, and 7R-EGFP. After 30 min, cells were washed three times and incubated another 30 min and then analyzed by confocal microscopy. Laser power was identical within each experiment. Scale bar, 100 m. C, The intracellular presence of the EGFP was analyzed by Western blotting using GFP monoclonal antibody; then, signals were analyzed by NIH Image (n ϭ 3).
RESULTS
Efficient protein delivery by 11 arginines protein transduction domain
We developed a novel, high-efficiency PTD that was based on the TAT sequence (Frankel and Pabo, 1988; Green and Loewenstein, 1988) , which has six arginines and two lysines in the PTD sequence ( Fig. 1 A) . On the basis of the amino acid sequence of the PTD of other proteins, we speculated that poly-arginine was the most important factor for membrane penetration (Derossi et al., 1996; Elliott and O'Hare, 1997; Lindgren et al., 2000; Rothbard et al., 2000; Schwarze and Dowdy, 2000) . Therefore, we constructed a bacteria expression vector consisting of 7 arginines (7R), 9 arginines (9R), and 11 arginines (11R) followed by EGFP (Fig.  1 A) . Recombinant proteins were purified under denatured conditions and dialyzed against PBS as described previously (Nagahara et al., 1998) . To analyze the transduction ability of argininebased PTD-EGFP proteins, we incubated Cos-7 cells with 1 M protein for 30 min and then analyzed by confocal laser microscopy and immunoblotting. Without the PTD domain, EGFP evinced no fluorescent signal in the cells. The original TAT-EGFP showed the signal in both the cytoplasm and nucleus of Cos-7 cells. The 11R-EGFP showed a much stronger signal than the original TAT-EGFP in all regions of the cells. Incubation with 11R-EGFP, 9R-EGFP, and 7R-EGFP demonstrated that the arginine length is a critical factor in determining transduction efficiency in culture cells (Fig. 1 B) . Immunoblotting of EGFP showed that the efficiency of 11R in delivering the EGFP protein in Cos-7 cells was at least four times greater than that of the original TAT domain. Reduction of the arginine length reduced the signal intensity of EGFP in immunoblotting (Fig. 1C) .
Transduction specificity of 11R domain in different cells
Previous study demonstrated that TAT transduction domain delivered the fusion protein into all tissues such as liver, muscle, kidney, spleen, and brain (Schwarze et al., 1999) . To examine the transduction specificity of 11R domain in different cell lines, 11R-EGFP was incubated with C2C12 skeletal muscle cell line, U251-MG glial cell line, and PC12 pheochromocytoma cell line. Protein (1 M) was incubated with the brain slice for 30 min, after which the medium was changed, incubated for another 30 min, and washed three times with PBS. The slices were analyzed by confocal microscopy. 11R-EGFP was transduced in the neurons of hippocampus. EGFP signals in neurons were examined using a Zeiss confocal microscope. 11R-EGFP was transduced into the neurons in the CA1 region ( A), and CA4 and dentate gyrus (DG) (B). Scale bars, 100 m. C, The images are multiple optical 12 m step sections spanning the Z-dimension of laser scans of the area CA2-CA3 of hippocampal slice.
11R-EGFP transduced efficiently into C2C12; however, weak signals were observed in U251-MG glia cell line (Fig. 2 A) . We found that 11R domain did not deliver the EGFP into the PC 12 cells (Fig. 2 A) These results raise the possibility that 11R domain has the cell type specificity for protein transduction into cells. To test this hypothesis, we induced PC12 cell differentiation by NGF for 2 d; then we added 1 M 11R-EGFP in cell medium. In contrast to nondifferentiated PC12, differentiated cells acquired high 11R transduction efficiency (Fig. 2 A, B) . TAT protein transduction domain also showed the same transduction specificity for the differentiated PC12 (Fig. 2C) . A recent study suggests that TAT transduction is endocytosis-dependent and mediated by the heparan sulfate proteoglycan receptor (Tyagi et al., 2001) . NGF induces the heparan sulfate proteoglycan in PC12 cells (KatohSemba et al., 1990) . These results showed that 11R domain indeed had cell type specificity to deliver the protein.
Transduction of EGFP into the neurons of acute hippocampal slices
Subsequently, we determined whether the 11R domain would deliver the protein to the neurons in a brain slice. Incubation of 11R-EGFP with brain slices for 30 min enabled delivery of a high level of EGFP into the hippocampal neurons of the brain slice. Examination of the slices by confocal laser microscope demonstrated that 11R-EGFP was effectively introduced into the pyramidal and granule cells in the hippocampus (Fig. 3 A, B) . 11R-EGFP exhibited a diffuse fluorescent signal throughout the cytoplasm, nucleus, and dendrites. To examine how deeply into the tissue the 11R fusion protein can penetrate hippocampal slices, we collected serial optical sections of 12 m steps along the Z-dimension by confocal laser microscope. Each section in different depths from the slice surface showed essentially the same fluorescence intensity (Fig. 3C) . Without the 11R, EGFP produced no green signal in the hippocampus (data not shown). To examine the subcellular localization of transduction protein in neurons, we used the immunostaining studies of synapsin, a protein present at presynapse (Greengard et al., 1993) . Using immunostaining of synapsin, presynapses of mossy fibers were stained as small red dots (Fig. 4 B) . In contrast, green EGFP signal was not observed in presynapses of mossy fibers (Fig. 4 A) . Double labeling image did not show any colocalization with EGFP and synapsin in mossy fibers (Fig. 4C) . To determine whether protein could transduce glia cells in brain slices, slices were stained with antibody against a glia maker, GFAP. EGFP strongly transduced into the granule cells of the dentate gyrus (Fig. 4 D) , however EGFP was not observed in GFAP-positive cells (Fig. 4 E, F ) . These data strongly support the idea that 11R delivered the protein into the neurons but could not deliver into the glia cells in acute brain slices.
Delivering the peptides and protein into the neuronal nucleus
To deliver the protein into the neuronal nucleus, we expressed recombinant EGFP fused with 11R and the SV40 NLS. Then, we examined whether the NLS-11R would deliver EGFP to the nucleus of neurons in a brain slice. Examination of the brain slices by confocal laser microscope demonstrated that EGFP was effectively introduced into the nucleus of pyramidal cells of CA1 area in the hippocampus (Fig. 5A ). To investigate cAMPdependent protein kinase (PKA) function in the neuronal nucleus, we synthesized two peptides; PKA inhibitory peptide (PKI 10 -22 amide) fused with 11R and the SV40 NLS (Fig. 5B) . To evaluate the specificity of these peptides, IC50 for PKA were measured by protein kinase assay using synapsin site I peptide (Matsushita and Nairn, 1998) . IC 50 of FITC-11R-PKI for PKA was at 92 nM, and FITC-NLS-11R-PKI for PKA was at 103 nM. Each synthesized peptide was added to hippocampal primary neurons for 30 min, after which the medium was changed and incubated for another 30 min to promote nuclear transport. 11R-PKI exhibited a diffuse fluorescent signal throughout the cytoplasm, nucleus, and cellular processes, whereas the NLS-11R-PKI was localized specifically in the nucleus (Fig. 5C) .
Next, we determined whether the NLS-11R would deliver PKI peptide to the nucleus of neurons in a brain slice. Incubation of NLS-11R-PKI with brain slices for 30 min enabled delivery of a high level of peptides into the neurons of brain slices. Examination of the brain slices by confocal laser microscope demonstrated that NLS-11R-PKI peptide was effectively introduced into the nucleus of pyramidal cells in the hippocampus (Fig. 6 A) . Double staining of MAP-2 and NLS-11R-PKI in the CA1 region showed that the inhibitory peptide was localized exclusively in the nuclear compartment of pyramidal neurons (Fig. 6 A) .
To determine whether the NLS-11R-PKI peptide was physiologically active as a PKA inhibitor after transduction into brain slices, we examined the phosphorylation of Ser133 of the CREB Figure 6 . Inhibition of PKA activity in brain slices. A, Transduction of FITC-NLS-11R-PKI into a hippocampal brain slice. Peptide (1 M) was incubated with the brain slice for 30 min, after which the medium was changed, incubated for another 30 min, washed three times with PBS, and then fixed with 4% paraformaldehyde. The fixed slices were stained with MAP-2 monoclonal antibody. FITC signals in neurons of the brain slices were examined using a Zeiss confocal microscope. FITC-NLS-11R-PKI was localized in the nucleus. Pyramidal neurons in CA1 were detected by MAP-2 antibody (red). The nuclei of pyramidal neurons showed the green FITC-NLS-11R-PKI signal. Scale bar, 50 m. B, Reduced phosphorylation of CREB at serine 133 by 11R-PKI and NLS-11R-PKI. Hippocampal brain slices were incubated at the indicated peptide concentration and control (absence of peptide) for 1 hr, after which the ACSF was changed 4 and incubated 30 min. The slices were stimulated by 10 M of forskolin (Forsk) for 10 min. The reactions were immediately stopped by adding 0.1% SDS into the slices. Then, samples were analyzed by Western blotting using phospho-Ser133 CREB specific antibody, phospho-Ser 845 GluR1 antibody, and actin antibody (n ϭ 3). C, 11R-PKI did not inhibit the MAP kinase cascade. Hippocampal brain slices were incubated at the indicated peptide concentration, control (Cont; absence of peptide), and 10 M U0126 for 30 min, after which the ACSF was changed and incubated 30 min. The slices were stimulated by 100 M glutamate (Glu) for 10 min. Samples were analyzed by Western blotting using phosphop42/44 MAP kinase antibody and actin antibody (n ϭ 3). Three independent experiments gave similar results. and Ser845 of the GluR1. It has been show that Ser133 of the CREB was phosphorylated by multiple protein kinases such as PKA, calmodulin-dependent protein kinase IV, extracellular signal-regulated protein kinases (ERK), and Rsk2 in the nucleus (Gonzalez and Montminy, 1989; Bito et al., 1996; Xing et al., 1996) . A recent study showed that Ser845 of the GluR1 was phosphorylated specifically by PKA in the postsynaptic regions (Kameyama et al., 1998) . Phospho-specific antibodies for each site were used to examine the change of phosphorylation level of each site through PKA inhibition by the transduction of inhibitory peptides in brain slices. Even 100 nM NLS-11R-PKI almost completely blocked the phosphorylation of CREB by PKA, which was stimulated by forskolin. Phosphorylation of CREB was inhibited partially by 100 nM 11R-PKI and completely by 1 M. In contrast, NLS-11R-PKI did not reduce the Ser 845 of the GluR1, even at a concentration of 1 M. However, 11R-PKI significantly reduced the phosphorylation of the GluR1 at a concentration of 1 M (Fig. 6 B) . These results suggested that NLS-11R-PKI specifically blocked the PKA activity in the nucleus, but not in the synaptic regions. We next determined whether mitogen-activated protein kinase (MAPK)/(ERK) kinase (MEK) was inhibited when the slices were stimulated by glutamate in the presence of the 11R-PKI and U0126, a specific inhibitor of MEK1/2. Stimulation of metabotropic glutamate receptors leads to an activation of the MAPK and ERK (English and Sweatt, 1996; Ferraguti et al., 1999) . As shown in Figure 6C , application of 10 M U0126 reduced the phosphorylation of p42 and p44 MAPK. In contrast, 11R-PKI had no effect on the phosphorylation of MAPK by MEK. These data showed that PKI peptides were specific for PKA but not for MAP kinase cascade.
NLS-11R-PKI blocks L-LTP induction, but not early LTP
LTP is activity-dependent strengthening of synaptic efficacy; early (E)-LTP can last for 1 hr, and L-LTP can last Ͼ3 hr, depending on the stimulation pattern (Frey et al., 1993; Huang and Kandel, 1994) . Phosphorylation of CREB by PKA is thought to be a critical step for induction of L-LTP in the CA1 region of the hippocampus (Frey et al., 1993; Huang and Kandel, 1994; Abel et al., 1997; Impey et al., 1998) . PKA acts in multiple subcellular compartments and phosphorylates different substrates such as AMPA receptor, inhibitor-1, and CREB in neurons (Gonzalez and Montminy, 1989; Shenolikar and Nairn, 1991; Kameyama et al., 1998) . Conventional pharmacological studies have failed to answer the critical questions of whether PKA phosphorylates the substrates for induction of L-LTP in the nucleus or in the synaptic regions in neurons.
We examined the effect of NLS-11R-PKI on E-LTP and L-LTP in the CA1 region of the mouse hippocampus. NLS-11R-PKI did not impair basic electrophysiological activity such as basal EPSP and paired pulse facilitation (Table 1) . Moreover, NLS-11R-PKI peptide did not block the E-LTP elicited by a single train in brain slices (Fig. 7A) . EPSP amplitude in NLS-11R-PKI peptide-incubated slices was the same as that of the Control (n ϭ 6) 149 Ϯ 9 141 Ϯ 5 133 Ϯ 6 101 Ϯ 3 NLS-11R-GFP (n ϭ 6) 151 Ϯ 7 144 Ϯ 8 135 Ϯ 6 102 Ϯ 5 NLS-11R-PKI (n ϭ 6) 146 Ϯ 9 142 Ϯ 7 136 Ϯ 8 (%) 97 Ϯ 5 (%)
Hippocampal slices were incubated with NLS-11R-GFP or NLS-11R-PKI for 30 min and then were perfused with ACSF. After 30 min, PPF and fEPSP slopes were measured. Data of PPF are presented as mean Ϯ SEM of the facilitation of the second response relative to the first response. PPF was tested with 50, 75, and 100 msec interstimulus interval (ISI). Figure 7 . NLS-11R-PKI peptides inhibited the L-LTP induction, but not that of E-LTP. A, NLS-11R-PKI did not block E-LTP induced by one train of 100 Hz for 1 sec tetanization (arrow). B, NLS-11R-PKI significantly inhibited L-LTP induced by three trains of 100 Hz for 1 sec tetanization (arrows). In contrast, NLS-11R-GFP had no effect on the L-LTP. Insets, Representative field EPSPs before and 3 hr after tetanic stimulations are shown. Calibration: 10 msec, 2 mV. C, Comparisons of EPSPs slope 1 hr ( a) and 3 hr (b) after tetanic stimulation for induction of either E-LTP or L-LTP, respectively. *p Ͻ 0.01 compared with the control slices.
control and NLS-11R-EGFP-treated slices. We also determined the relative fluorescence intensity between FITC-11R-NLS-PKI and NLS-11R-EGFP signals in these slices. The fluorescence signals of both molecules were of the same intensity in the nucleus of these slices as described as Materials and Methods. Therefore, we assumed the concentration of NLS-11R-PKI and NLS-11R-EGFP in the nucleus was almost the same in these slices. Three trains of 100 Hz for 1 sec stimulation induced stable long-lasting LTP (the EPSP slope was 164 Ϯ 12.6% of baseline 3 hr after the end of tetanization; n ϭ 6) (Fig. 7B) . NLS-11R-EGFP delivered the EGFP into the nucleus of hippocampus (Fig. 5A ) and had no effect on L-LTP (158 Ϯ 10.6%; n ϭ 6). In contrast, NLS-11R-PKI significantly inhibited L-LTP 3 hr after stimulation (121 Ϯ 11%; n ϭ 6; F (1,30) ϭ 31.56; p Ͻ 0.01 compared with control) (Figure  7 B, C) . These data suggest that inhibition of PKA activity in the nucleus was sufficient to prevent the induction of L-LTP in the CA1 of the hippocampus.
DISCUSSION
It has been demonstrated that proteins and peptides penetrate across the plasma membrane of eukaryotic cells by means of protein transduction domains (Lindgren et al., 2000; Schwarze and Dowdy, 2000) . Protein transduction by 11R was highly efficient in delivering proteins into culture cells and brain slices, especially into the neurons. The mechanism of plasma membrane transduction by 11R is still to be elucidated; however, recent study of TAT transduction system suggests that transduction is mediated by endocytosis mediated by heparan sulfate proteoglycan receptors. In contrast, oligopeptide penetratin derived from the homeodomain of Antennapedia has shown to translocate across pure lipid bilayers (Thoren et al., 2000) . 11R domain requires the differentiation by NGF treatment for plasma membrane transduction in PC12 cells (Fig. 2) . The results support the idea that the uptake mechanism involves receptor or transporter-dependent pathway. Therefore, expression level of receptors for 11R on the cell membrane might be a critical factor for cell type specificity of protein transduction.
The results of our studies using brain slices are sufficient to show how effective this system is for analyzing the molecular mechanism in neurons. Previous studies suggest that PKA plays a key role in induction of L-LTP through the phosphorylation of CREB in the hippocampus (Abel et al., 1997; Impey et al., 1998) . However, it is difficult to show whether PKA acts in the nucleus or in other compartments of the neurons during the induction of L-LTP. NLS-11R-PKI showed that inhibition of PKA in the nucleus decreased the phosphorylation of Ser133-CREB and blocked L-LTP induction. The data indicated that for induction of L-LTP, active PKA translocation into the nucleus is essential. These results agreed very well with the data from hippocampusspecific PKA regulatory subunit transgenic mice (Abel et al., 1997) . In this transgenic experiment, however, PKA activity was inhibited both at the synapses and in the cytoplasm by overexpression of the regulatory subunit of PKA. Our data define the role of PKA in the nucleus during L-LTP induction in the CA1 region.
Genetic and pharmacological studies have provided important information regarding the molecular function of neural physiology. In addition to these methods, the protein transduction system provides many advantages for analysis of molecular function and the electrophysiology of neurons as described in this report. To carry the molecular analysis of signal transduction and electrophysiology in neurons f urther, it will be necessary to develop the delivery of proteins, compounds, antisense oligonucleotides, etc., to neuronal subcellular compartments such as the nucleus, postsynaptic terminal, and presynaptic terminal in brain slices.
